Epstein-Barr virus (EBV) is a member of the human herpesvirus family that infects over 95% of the United States population. 1 Most infections occur in childhood and are asymptomatic; infection of adolescents and young adults with EBV often results in infectious mononucleosis. EBV is associated with a spectrum of lymphoproliferative diseases in patients with congenital or acquired immunodeficiency.
Introduction
Epstein-Barr virus (EBV) is a member of the human herpesvirus family that infects over 95% of the United States population. 1 Most infections occur in childhood and are asymptomatic; infection of adolescents and young adults with EBV often results in infectious mononucleosis. EBV is associated with a spectrum of lymphoproliferative diseases in patients with congenital or acquired immunodeficiency.
Chronic active EBV infection (CAEBV) is a rare and often fatal disorder that occurs in previously healthy persons and seemingly immunocompetent persons. 2 The disease has been defined by the presence of 3 features. 3, 4 First, patients have a severe progressive illness that began as a primary EBV infection, or is associated with abnormal EBV-specific antibody titers that include markedly elevated antibodies to viral capsid antigen (VCA) and early antigens (EAs). Second, histology shows evidence of major organ involvement such as lymphadenitis, hemophagocytosis, meningoencephalitis, or persistent hepatitis. Third, elevated EBV DNA, RNA, or proteins are demonstrable by in situ hybridization or immunohistochemical staining of affected tissues. Recent studies showed that patients with CAEBV can also have markedly elevated levels of EBV DNA in the peripheral blood and this criterion has been used diagnostically in some cases. 5 Patients with CAEBV often develop a progressive cellular and humoral immunodeficiency with pancytopenia and hypogammaglobulinemia that renders them susceptible to opportunistic infections or B-or T-cell lymphoproliferative disease. 3 Therapy for CAEBV is unsatisfactory and, at best, progression of disease is temporarily delayed.
The etiology of CAEBV is unknown. Two studies suggested that persons with CAEBV were infected with unusual lytic strains of virus. 6, 7 However, the finding of the same lytic strain of EBV in the unaffected father of one of the patients, and in healthy controls, 8 suggests that other factors, including inherited abnormalities in the response to EBV, contribute to the pathogenesis of the disease. Four observations favor a genetic cause for CAEBV. First, CAEBV is rare in the United States, but relatively common in Japan, Korea, and China. Most patients reported to have fulminant EBV-positive T-cell lymphoproliferative disease following acute and/or chronic EBV infection have been Asian in origin. 9 Second, specific mutations in the signaling lymphocyte activation molecule (SLAM) associated protein (SAP) gene have been identified in boys with a disease that shares many of the features of CAEBV, the X-linked lymphoproliferative disease (XLPD). [10] [11] [12] Third, 2 studies showed that cytotoxic T lymphocyte (CTL) or natural killer (NK) cell activity was reduced in patients with CAEBV and in their parents. 13, 14 Fourth, gene mutations and polymorphisms have been associated with severe infections with herpesviruses including EBV. [15] [16] [17] Taken together, these findings suggest that a genetic abnormality could underlie some cases of CAEBV.
Here we describe a patient with CAEBV in whom we documented a defect in cytotoxic activity in association with markedly reduced levels of the native form of perforin in his stimulated peripheral blood mononuclear cells (PBMCs). Sequence analysis showed him to have compound heterozygous mutations affecting both alleles of the perforin gene. These findings indicate that some cases of CAEBV are due to defects in the perforin gene.
Materials and methods

Cell culture
Blood was drawn after obtaining informed consent from the patient, his parents, and additional patients with CAEBV studied at the National Institutes of Health (Bethesda, MD) under a protocol approved by the institutional review board of the National Institute of Allergy and Infectious Diseases. Blood was also obtained from anonymous healthy blood bank donors and from patients in Japan with CAEBV in whom patient identifiers had been removed from the specimens. Cryopreserved PBMCs were thawed, cultured in RPMI 1640 containing 10% fetal bovine serum supplemented with 10 IU/mL interleukin 2 (IL-2; Roche Molecular Biochemicals, Mannheim, Germany) and 1 ϫ phytohemagglutinin (PHA; Invitrogen, Carlsbad, CA) for 2 days, followed by IL-2 without PHA for 2 weeks. PBMCs and EBV-transformed B cells from patients in Japan with CAEBV 5 were also studied.
Cytokine assays
Cells were stimulated for 36 hours with plate-bound anti-CD3 antibody (1 g/mL, UCHT1; BD Pharmingen, San Diego, CA) plus anti-CD28 antibody (1:5000, CD28.2; BD Pharmingen) and cell culture supernatants were collected as previously reported. 18 IL-4, -5, -10, interferon-␥ (IFN-␥), and tumor necrosis factor ␣ (TNF-␣) levels were all assayed with a Luminex 100 multiplex analyzer, with Luminex IS analysis software (Luminex, Austin, TX) using multianalyte microsphere kits (LINCO Research, St Charles, MO). IL-13 levels were determined by enzymelinked immunosorbent assay (ELISA; Pierce-Endogen, Pierce Biotechnology, Rockford, IL).
Real-time PCR for EBV
Real-time quantitative polymerase chain reaction (PCR) assay with a fluorogenic probe was performed using a TaqMan PCR kit and a Model 7700 Sequence Detector (Applied Biosystems, Foster City, CA). A portion of the BamHI W fragment of EBV was amplified using forward primer 5Ј-GAGGGGGACCACTGCCCCTGG-3Ј and reverse primer 5Ј-CGCTCT-GATGCGACCAGA-3Ј and detected with fluorogenic probe 5Ј-(6FAM)-TCCTGCAGCTATTTCTGGTCGCATCA-(TAMRA)-3Ј. The bcl-2 gene was amplified using forward primer 5Ј-CCTGCCCTCCTTCCGC-3Ј and reverse primer 5Ј-TGCATTTCAGGAAGACCCTGA-3Ј and detected with fluorogenic probe 5Ј-(6FAM)-CTTTCTCATGGCTGTCC-(TAMRA)-3Ј.
Reverse transcriptase (RT)-PCR and Southern blotting for EBV
Total RNA was isolated from stimulated PBMCs and cDNA was synthesized. Primers and probes for EBV genes and PCR conditions were used as previously described. 19 PCR products were separated by electrophoresis, transferred to nylon membranes, and hybridized with [ 32 P]-labeled oligonucleotide probes.
Sequencing of the perforin gene
DNA was extracted from stimulated PBMCs and the perforin gene was amplified by PCR and sequenced as previously described. 20 Nucleotide positions of perforin are numbered according to GenBank accession number X13224. cDNA of perforin exon 3 was amplified by RT-PCR using forward primer (F577) 5Ј-AACTTTGCAGCCCAGAAG-3Ј, and reverse primer (ADR) 20 5Ј-TTGCATCTCACCTCATGGGAAC-3Ј and the sequence of the cDNA at nucleotides 577 and 1229 of perforin was determined.
Mutagenesis of the perforin gene and expression in cells
RNA was extracted from PBMCs of a healthy donor and cDNA was synthesized with reverse transcriptase. Perforin cDNA was amplified by PCR using forward primer 5Ј-ATTCTCGAGATGGCAGCCCGTCT-GCTCCT-3Ј and reverse primer 5Ј-TATGTCGACTCACCACACGGC-CCCACTCC-3Ј. The PCR product was inserted into the EcoRI site of plasmid pCIneo (Promega, Madison, WI). Site-directed mutagenesis was performed to change nucleotide 577 from T to C (mother's perforin mutation), nucleotide 1229 from G to C (father's perforin mutation), and nucleotide 1122 from G to A (FHL mutation) using the QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Mutation of each clone was confirmed by DNA sequencing. 293T cells were transfected with plasmid(s) encoding perforin (2 g/6-cm dish) using the Fugene 6 transfection system (Roche Biochemicals) and cell lysates were prepared 48 hours after transfection for immunoblotting or immunoprecipitation.
Results
Case report
A 7-year-old white boy presented with heterophile-positive infectious mononucleosis followed by persistent splenomegaly and lymphadenopathy. One year later he underwent splenectomy for hypersplenism; at surgery, mesenteric lymphadenopathy and chylous ascites were noted. Histiocytosis with erythrophagocytosis was demonstrated in the spleen. He was treated with adriamycin, vincristine, prednisone, and cyclophosphamide for lymphadenopathy and presumptive lymphoma. Three years later at age 11, at his first evaluation at NIH, he was found to have T-cell lymphoproliferative disease involving the liver, bone marrow, and a supraclavicular lymph node. His EBV serologies were markedly elevated with an anti-EBV VCA immunoglobulin G (IgG) titer of 20 480, anti-EA IgG titer of 20 480, and anti-EBNA IgG titer of 10, indicating the possibility that the lymphoproliferative process was driven by an EBV infection. Hypertriglyceridemia (2.8 mM) and hypofibrinogenemia (1.4 g/L) were noted. He was treated with acyclovir for 4 weeks without clinical benefit. On initial evaluation and over the ensuing several months, progressive pancytopenia and hypogammaglobulinemia were noted and he received intravenous immunoglobulin. The following year he presented with cholestatic hepatitis secondary to T-cell lymphoproliferative disease of the liver. Although he received interferon alpha, the T-cell lymphoproliferative process persisted and cutaneous leukocytoclastic vasculitis, pneumonia, and chronic sinusitis were noted. Computerized tomography showed reduction in the size of his abdominal and peripheral lymphadenopathy on prednisone and cyclophosphamide; these effects were sustained on prednisone and azathioprine. Lymphocyte phenotype of the peripheral blood showed 98.9% T cells and 0.5% B cells. Markedly elevated EBV titers (VCA IgG 20 480, EA-IgG 20 480) persisted, and a monoclonal IgG kappa gammopathy and Coombs positive hemolytic anemia were present. He died at age 18 due to lymphoproliferative disease and disseminated candida infection. Autopsy was limited to the liver, lymph nodes, lungs, and brain and showed polyclonal T-cell infiltration of the liver and mesenteric lymph nodes with loss of cortical, paracortical, and germinal center architecture. Rare T-cell infiltrates were present in the lungs and disseminated candidiasis involving the lungs, liver, and brain was noted.
The patient fit the diagnostic criteria of CAEBV 3,4,21 based on (1) symptoms of persistent lymphadenopathy, hepatosplenomegaly, and bone marrow hypoplasia that began after infectious mononucleosis; (2) extremely high EBV-specific antibody titers; and (3) EBV-positive cells in the lymph nodes on in situ hybridization. He also fit the diagnostic guidelines for hemophagocytic lymphohistiocytosis 22 based on his fever, splenomegaly, pancytopenia, hypertriglyceridemia, and histologic evidence of hemophagocytosis. However, he did not fit the criteria for familial hemophagocytic lymphohistiocytosis (FHL), since there was no family history of hemophagocytic lymphohistiocytosis. The patient's brother and both parents are EBV seropositive and have no history of EBVassociated or immunologic diseases. None of the other family members whose history could be ascertained, including the patient's aunts, uncles, grandparents, and maternal great-grandparents, have a history of EBV-associated or immunologic diseases. Furthermore, patients with FHL are usually diagnosed in infancy or early childhood and die within a few years of the diagnosis, 23, 24 whereas our patient lived for 18 years. Therefore, our patient was diagnosed with CAEBV, rather than FHL.
Pathology and immunohistochemistry
Multiple lymph node biopsies (cervical, mesenteric, splenic hilar) obtained during the course of the patient's disease showed similar histologic findings ( Figure 1 ). The architecture was effaced by an infiltrate composed predominantly of small normal-appearing lymphocytes with admixed histiocytes. A similar infiltrate was seen in the bone marrow and liver. The spleen showed marked histiocytosis with erythrophagocytosis of red pulp.
Immunohistochemical studies in all sites showed predominately CD3 ϩ T cells, with a CD4/CD8 ratio of approximately 1:4. Numerous cells were positive for granzyme B; however, cells were consistently negative for perforin ( Figure 1G -H). Germinal centers were absent; however, scattered individual CD20 ϩ cells and small aggregates were seen. In situ hybridization with the EBV encoded RNA (EBER) probe showed only rare positive small lymphocytes (Ͻ 1 per high-power field). Southern blot analysis for clonal T-cell receptor beta gene rearrangements showed no evidence of a clonal population (data not shown).
Lymphocyte phenotype, EBV infection, and cytokine profile in PHA and IL-2-stimulated PBMCs from the patient with fatal CAEBV PBMCs from the patient described above, his parents, and healthy donors were stimulated with PHA and IL-2 for 2 days followed by IL-2 alone for 2 weeks in vitro. More than 50% of the stimulated cells were CD8 ϩ (Figure 2A ). While blood from the patient's mother and a healthy donor contained more than 30% CD56 ϩ and CD8 Ϫ cells (normal range of healthy donors, 7.8%-35%; average, 14.3%; standard error, 2.5%), blood from the patient and his father had less than 5% CD56 ϩ and CD8 Ϫ cells ( Figure 2B ). The patient's father also had a small population of CD56 ϩ and CD8 ϩ cells (NK T cells).
Patients with CAEBV frequently have elevated levels of EBV DNA in their PBMCs, T cells, NK cells, or tissues. 5, 25, 26 Real-time PCR showed that stimulated PBMCs from the patient contained high levels of EBV DNA ( Figure 2C ). EBV DNA was not detected in PHA and IL-2-stimulated PBMCs from the patient's parents and healthy donors; however, stimulated PBMCs from an unrelated patient with CAEBV had elevated levels of EBV DNA. EBVinfected cells from patients with CAEBV consistently express the latency-associated genes EBV nuclear antigen 1 (EBNA-1) and EBERs; however, other latency-associated genes such as EBNA-2 and latent membrane protein 1 (LMP-1) are expressed in cells from some, but not all, patients. 26 Stimulated PBMCs from our patient expressed EBNA-1, but not EBNA-2, LMP-1, or LMP-2A ( Figure  2D , data not shown). These results indicate that the stimulated PBMCs from the patient had a type I EBV latency program.
Some patients with CAEBV have been reported to have dysregulation of cytokines with increased expression of both T-helper (Th) 1 and Th2 cytokine transcripts, termed an "unbalanced cytokine profile." 25 Stimulation of cells from the patient with antibodies to CD3 and CD28 resulted in high levels of both Th1 (IFN-␥) and Th2 (IL-4, IL-10, and IL-13) cytokines ( Figure 2E ). These cytokines are involved in regulation of cytokine production, activation, and proliferation of lymphocytes and monocytes. Cells from the patient's father showed similar elevations in some (IL-4, IL-13), but not all (IFN-␥, IL-10) of the cytokines found to be elevated in his son. In contrast, cells from an unrelated patient with CAEBV did not show cytokine elevations. These data suggest that stimulated PBMCs from the patient had an unbalanced cytokine profile.
Mutations in the perforin gene of the patient and his parents
Since many patients with CAEBV have hemophagocytic syndrome, and since perforin mutations have been found in patients with FHL, 20 we determined the sequence of the entire coding region of the perforin gene (exons 2 and 3) in our patient as well as 14 other patients with CAEBV (12 patients from the United States, 2 patients from Japan). Whereas none of the 14 other patients with CAEBV showed any mutations in their perforin genes, sequence analysis showed that our patient had mutations in both alleles of his perforin gene. Of 6 cloned PCR products from the patient's genomic DNA, 2 clones had a T to C mutation at nucleotide 577 of the perforin gene, and 4 had a G to C mutation at nucleotide 1229 ( Figure 3A) . The change in nucleotides 577 and 1229 are predicted to change amino acid 193 from phenylalanine to leucine, and amino acid 410 from arginine to proline, respectively. To verify that these changes were due to mutations and not to polymorphisms, DNAs were obtained from 54 blood bank donors (predominantly white, like our patient) and PCR analyses (corresponding to 108 chromosomes) showed that none had the nucleotide changes noted in the patient. Thus, these nucleotide changes were likely due to mutations and not to polymorphisms in the perforin gene. These 2 nucleotide changes in perforin have not been reported previously. 27 The nucleotide sequence of the perforin genes from the patient's mother and father were also determined. Sequence analysis of DNA from the patient's mother showed a T to C change in nucleotide 577 in one allele of the perforin gene, whereas analysis of DNA from the patient's father showed a G to C change in nucleotide 1229 in one allele of the gene. These data indicate that mutations in nucleotides 577 and 1229 in the patient's perforin gene were inherited from his mother and father, respectively.
To determine if transcripts of mutant and wild-type perforin were expressed at similar levels in the patient and his parents, RT-PCR products of exon 3 in the perforin gene were sequenced. Direct sequencing and analysis of the chromatogram showed that T and C at nucleotide 577, and the G and C at nucleotide 1229 produced peaks of similar heights, indicating that the perforin mRNAs were expressed at similar levels in the patient ( Figure 3B ). In addition, the similar heights of peaks for these nucleotides in the chromatograms of the cDNAs from the patient's mother and father indicates that both the wild-type and mutant transcripts were expressed at similar levels in the patient's parents.
Expression of the native form of perforin is impaired in the patient with CAEBV
To determine whether the mutations in the perforin gene alter the level of expression of perforin protein in the patient's cells, we performed flow cytometry on permeabilized cells from the patient, his parents, and from blood bank donors. PHA-and IL-2-stimulated PBMCs were tested, since perforin is expressed in CD8 ϩ T cells and NK cells. Incubation of the cells with fluorescein isothiocyanate (FITC)-conjugated antiperforin antibody dG9, 28 which recognizes only the native form of perforin, 28, 29 showed markedly reduced levels of perforin in cells from the patient, whereas perforin was readily detected in stimulated cells from his mother and father, 2 blood bank donors, and another (unrelated) patient with CAEBV ( Figure 4A , data not shown). In contrast, granzyme A expression was observed in more than 80% of cells from all of the individuals tested. Immunofluorescence assay of stimulated PBMCs using FITC-conjugated antiperforin antibody The perforin gene contains 3 exons and the open reading frame is encoded by the second and third exons. Exons 2 and 3 were amplified by PCR from genomic DNA using the indicated primers (arrowheads), 20 cloned in plasmid pCR2.1, and sequenced. Mutations were found in both alleles of exon 3 in the patient. Four of 6 clones had a G to C mutation at nucleotide 1229 and 2 clones had a T to C mutation at nucleotide 577, indicating that each allele had a separate mutation. (B) Chromatograms of RT-PCR products. RT-PCR was performed using mRNA isolated from stimulated PBMCs of the patient, his parents, and a healthy donor. RT-PCR products were directly sequenced (not having been cloned) and asterisks indicate mutations. For personal use only. on November 6, 2017. by guest www.bloodjournal.org From dG9 showed punctate staining in the cytoplasm in 40% to 60% of stimulated cells from the patient's mother and father and from healthy blood bank donors; however, very rare cells from the patient stained with the perforin antibody ( Figure 4B ). Perforin usually shows a bright, punctate staining pattern in the cytoplasm, since the protein is present in granules in the cytoplasm. 20 In contrast to the punctate distribution of perforin seen in his parent's cells, the patient's cells showed a weaker and more diffuse pattern of staining with the antibody. Expression of perforin in the mother's cells demonstrated not only the punctate staining pattern, but also weak diffuse staining in the cytoplasm. Since antibody dG9 recognizes the native form of perforin, these data suggest that expression of the native form of perforin is markedly reduced in the patient with the perforin mutations.
Proteolytic cleavage of perforin is inhibited in the patient with fatal CAEBV
Perforin is synthesized as a 70-kDa inactive glycosylated precursor which is subsequently cleaved at the C-terminus to yield a 60-kDa active, mature form. 29 To determine the level of expression of the precursor and mature forms of perforin, we performed immunoblot analyses using the 2d4-perf monoclonal antibody to perforin, which recognizes both mature and precursor forms of perforin. 29, 30 Stimulated PBMCs from the patient expressed predominantly the 70-kDa precursor protein that reacted with the antibody that was larger in size than the 60-kDa mature protein from the healthy donor that bound to the antibody ( Figure 5 ). To verify that the perforin molecule from the patient corresponds to the 70-kDa inactive precursor form, concanamycin A, which inhibits the cleavage of the precursor form of perforin, was added to the cells to block cleavage of perforin. Incubation of cells from the healthy blood bank donor or from the patient with CAEBV with concanamycin A followed by immunoblotting with antibody 2d4-perf resulted in detection of only the 70-kDa precursor form of perforin. Thus, cells from the patient with fatal CAEBV expressed predominantly the precursor form of perforin, indicating that proteolytic cleavage of perforin is inhibited. Since the cleavage site in perforin is located at amino acids 520-521, 29 and the perforin mutations are located at amino acids 193 and 410, these findings suggest that his mutations in perforin result in a conformational change in the protein that prevents cleavage to the mature protein.
Immunoblotting of perforin in stimulated PBMCs from the patient's mother showed 2 forms of perforin, the 70-kDa inactive precursor form and the 60-kDa mature form. This is consistent with heterozygosity in the mother. Immunoblotting of perforin in PBMCs from the patient's father showed 2 faint bands of 70 kDa and 60 kDa, even though equal amounts of cell lysates were used.
Mutation in the patient's perforin changes the reactivity with an antiperforin antibody
The inhibition of proteolytic cleavage of mutant perforin in cells from the patient suggested that a dynamic conformational change in perforin occurred in his stimulated PBMCs due to the mutations in perforin. To provide further evidence for this hypothesis, we cloned cDNA for perforin derived from a healthy donor and inserted the gene into expression vector pCIneo. Site-directed mutagenesis of the plasmid was performed to construct perforin genes with each of the patient's mutants as well as a perforin mutant with stop codons previously identified in a patient with FHL. 20 These plasmids were transfected either individually or in combinations into 293T cells. Immunoblotting using antiperforin antibody 2d4-perf, which recognizes both mature and precursor forms of perforin, showed that cells transfected with plasmids encoding perforin with the mother's or father's mutation, or cotransfected with 2 plasmids together (wild-type and mother's mutant perforin, wild-type and father's mutant perforin, or mother's and father's mutant perforin), expressed perforin in 293T human embryonic kidney cells ( Figure 6, top panel) . Since perforin is not processed to its mature form in non-T cells, 29 recognizes the carboxy terminal region (amino acids 241-555) of perforin; murine monoclonal antibodies 2D1 and 2d4-perf recognize a domain within amino acids 189-320 of mouse perforin and amino acids 264-279 of human perforin, respectively. 30, 31 Murine monoclonal antibody dG9 recognizes only the native form of perforin, but the epitope detected by the antibody is unknown. 28, 29 Mutant perforin from the patient's mother was weakly immunoprecipitated from 293T cells with antibody dG9, whereas the wildtype and other mutant perforins were immunoprecipitated to a similar extent (Figure 6 ). Immunoprecipitation of wild-type perforin and each of the mutant forms of perforin were similar with antibodies H315, 2D1, and 2d4-perf. These data suggest the mutant perforin from the patient's mother may have a conformational change, resulting in its reduced ability to bind antibody dG9. Alternatively, the perforin epitope recognized by antibody dG9 might overlap the mutation in the mother's perforin, resulting in reduced immunoprecipitation of the protein.
Cytotoxicity is impaired in cells from the patient with fatal CAEBV
Perforin is important for the cytotoxic activity of CD8 ϩ T and NK cells. Since the patient with CAEBV had mutations in both perforin genes that resulted in reduced expression of the native form of the protein and that inhibited maturation of the protein, we postulated that cytotoxicity by his CD8 ϩ T and NK cells might be reduced. Incubation of PHA-and IL-2-stimulated PBMCs from the patient with Fas-deficient target cells showed a marked diminution in cytotoxicity compared with cells from blood bank donors ( Figure  7A ). Cells from the patient's father demonstrated an intermediate level of cytotoxicity, whereas cells from the patient's mother or from an unrelated patient with CAEBV did not show a reduction in cytotoxicity. The reduced level of cytotoxicity with the father's cells may be related to the lower number of NK cells in his stimulated PBMCs ( Figure 2B ). Although stimulated PBMCs from the patient contained a larger number of NK cells than PBMCs from his father, the cytotoxicity of the patient's PBMCs was markedly lower than PBMCs from his father. Similar cytotoxicity results for cells from the patient, his parents, and the blood bank Beckman Coulter, Fullerton, CA) in a Fas-independent CTL killing assay. Cytotoxicity in this assay system is CD3-dependent, since T-cell receptor activation is required to trigger release of granules containing perforin and granzymes. 20 The effector-to-target (E/T) ratio is indicated on the x axis and the percent specific lysis is indicated on the y axis. The percent lysis was calculated as follows: % lysis ϭ (E Ϫ S)/(M Ϫ S) ϫ 100, where E is the release from experimental samples, S is the spontaneous release, and M is the maximum release upon lysis with 2% NP-40. The gray band indicates the normal range of cytotoxicity seen in 4 healthy donors (data not shown). Cells from a healthy blood bank donor incubated in the absence of anti-CD3 antibody were assayed as a negative control. Flow cytometry showed the following lymphocyte phenotypes: donor 1: CD8 ϭ 49%, CD56 ϭ 42%; donor 2: CD8 ϭ 55%, CD56 ϭ 42%; patient: CD8 ϭ 54%, CD56 ϭ 25%; mother: CD8 ϭ 50%, CD56 ϭ 68%; father: CD8 ϭ 91%, CD56 ϭ 4%; unrelated patient with CAEBV: CD8 ϭ 55%, CD56 ϭ 40%. (B) PBMCs were stimulated with PHA and IL-2 followed by incubation in the presence (black bars) and absence (white bars) of plate-bound anti-CD3/anti-CD28 antibody. Secretion of ␤-hexosaminidase in the cell culture supernatant was measured to quantify the level of granule exocytosis. 33 ␤-hexosaminidase release was expressed as a percentage of the enzyme in the supernatant divided by the total enzyme from cells lysed in 0.1% Triton X-100. Experiments in panels A and B were performed 3 times and a representative result is shown.
donors were observed in 3 separate experiments performed on different days. Taken together, these results suggest that the mutations in the patient's perforin genes result in defective Fas-independent cytotoxic killing of target cells.
Granule exocytosis is another important process required for CTL activity. Reduced CTL activity has been demonstrated in humans and mice that have mutations in the Rab27A gene that controls granule exocytosis. 32, 33 In addition, hemophagocytic syndrome has been noted in patients with Rab27A mutations. 34 To determine if granule exocytosis is impaired in cells from the patient with fatal CAEBV, PHA-and IL-2-stimulated PBMCs were stimulated with antibodies to CD3 and CD28 and the level of ␤-hexosaminidase secreted into the culture media, a marker of degranulation, was measured ( Figure 7B ). Elevated levels of ␤-hexosaminidase were detected in culture supernatants of cells from the patient with perforin mutations, compared with cells from the patient's parents, 2 blood bank donors, and an unrelated patient with CAEBV. These results suggest that granule exocytosis was up-regulated in stimulated cells from the patient.
Discussion
We have identified mutations in both alleles of the perforin gene in a patient with fatal CAEBV. The patient's PBMCs showed reduced expression of the native form of perforin and the unprocessed precursor was the predominant form detected. Expression of perforin mutants in 293T cells suggested that the mother's mutant perforin might have a conformational change. Stimulated PBMCs from the patient were markedly impaired for cytotoxic activity in vitro. Taken together, these data imply that the reduced cytotoxicity of CTL and NK cells in the patient is due to the mutations in his perforin genes. This is the first case of CAEBV in which genetic mutations have been linked to the disease.
Perforin is present in cytolytic granules of CTL and NK cells and has a critical role in their cytotoxic activity. Perforin comprises one of 2 major pathways that CTLs use to kill virus-infected cells. 35 In the Fas pathway, Fas ligand on CTLs binds to Fas on virus-infected cells, which initiates caspase-mediated killing of the cells. In the perforin pathway, engagement of the T-cell receptor on the surface of CTLs with viral peptides associated with major histocompatibility complex (MHC) class I molecules triggers release of granules containing perforin and granzymes. Perforin is known to be important for control of certain virus infections by the immune system. 36 Perforin knock-out mice have a normal phenotype, but when they are infected with lymphocytic choriomeningitis virus they show immune defects. 35, 37 Similarly, perforindeficient mice show increased mortality after infection with herpes simplex virus and ectromelia virus compared with control mice. 38, 39 Perforin has been implicated in the killing of EBV-infected cells. EBV-specific T-cell cytotoxicity is mediated through the perforin pathway in patients with lymphoproliferative disorders after allogeneic bone marrow transplantation. 40 The perforin/ granzyme pathway, rather than the Fas or TRAIL pathways, is the major pathway for MHC class II-restricted lysis of EBVtransformed lymphoblastoid cell lines by virus-specific CD4 ϩ T cells. 41, 42 Recent studies indicate that expression of perforin is impaired in CD8 ϩ cells from patients with EBV-positive nasopharyngeal carcinoma and HIV infection, suggesting that low expression of perforin in CD8 ϩ T cells may constitute an important mechanism for immune escape by tumors or virus-infected cells. [43] [44] [45] Perforin-deficient mice also have a higher incidence of T-or B-cell lymphomas, confirming that perforin is critical in immune surveillance against cancer. 46 Perforin mutations have been identified in patients with FHL. 20 Patients with FHL may share certain clinical findings seen in some patients with CAEBV such as fever, splenomegaly, lymphadenopathy, hepatomegaly, neurologic abnormalities, and hemophagocytosis. 47, 48 Patients with FHL usually present in infancy or very early in childhood and in the absence of bone marrow transplantation most patients die within 1 year after diagnosis. 23, 27, 49 Patients with FHL and nonsense mutations tend to present within the first few months of life, whereas those with missense mutations usually present by 2 years of age. 23 Although our patient showed many of the features of FHL early in the course of his disease, 22 he presented at an older age (7 years) than most patients with FHL, survived for 10 years after diagnosis, and did not have a family history of hemophagocytic lymphohistiocytosis. While a variety of virus infections have been reported in patients with FHL at the time of diagnosis, including cytomegalovirus, parvovirus, EBV, hepatitis B virus, and adenovirus, no single agent has been identified that triggers the disorder in most cases. FHL and EBV-associated hemophagocytic lymphohistiocytosis (EBV-HLH) have overlapping clinical manifestations, and CAEBV is often associated with EBV-HLH at some point during the course of disease. HLH is considered the prototype of hemophagocytic syndrome. 50 In a study of patients with EBV-associated hemophagocytic syndrome from Japan, no mutations were detected in the perforin gene of 14 patients. 51 Thus, whereas perforin defects have been associated with FHL, mutations in the gene do not appear to be responsible for most cases of EBV-associated hemophagocytic syndrome.
Perforin is synthesized as an inactive precursor that must be cleaved at its carboxy terminus to yield the active, mature form of the protein. 29 The precursor form of perforin consists of 555 amino acids and contains 2 N-linked glycosylation sites and an approximately 300 amino acid C2 domain that is homologous to the C2 domain of protein kinase C. The C2 domain of perforin is important for binding of the protein to the phospholipid bilayer of the cytoplasmic membrane. 29 The C2 domain in the uncleaved form of perforin cannot bind to the membrane, due to the presence of a bulky N-linked glycan on the carboxy terminal domain of the protein. Proteolytic cleavage of the carboxy terminal domain allows the C2 domain to bind to the membrane. We demonstrated that the inactive precursor form of perforin accumulated in the patient's PBMCs, implying that the proteolytic cleavage was inhibited. Reduced expression of the active, mature form of perforin was likely the cause of the defect in Fas-independent cytotoxicity of T cells and NK cells from the patient. Mutations in the patient's perforin may have altered its conformation and inhibited proteolytic processing of the protein to its mature form. Although we wanted to examine processing of perforin encoded by each allele separately, processing of perforin has never been demonstrable in cells transfected with the perforin gene. We were unable to show processing of perforin in 293T or T cells transfected with our perforin expression vector (data not shown). Similarly, Uellner et al 29 could not detect processing of the protein in rat leukemia cells transfected with the perforin gene. Since precursor (uncleaved) forms of perforin were present in cells from both of the patient's parents ( Figure 5 ), we postulate that both mutations inhibit cleavage of perforin. In addition, since both parents were seropositive for EBV and asymptomatic, and both had a mutant and normal perforin allele, one wild-type copy of the gene may be sufficient for control of EBV infection. Some perforin mutations reported in patients with FHL induce only single amino acid missense mutations as was the case in our patient, and low-level expression of perforin in T cells and NK cells from patients with FHL has been reported using the dG9 antibody. 20, 52 Our data suggest that at least some missense mutations in FHL may also induce conformational changes and inhibit proteolytic cleavage of the precursor form of perforin.
Our patient with mutations in both alleles of the perforin gene died from T-cell lymphoproliferative disease. Perforin mutations may contribute to uncontrolled lymphoproliferative disease. [53] [54] [55] In the absence of functional perforin, T and NK cells might be unable to contain the expansion of EBV-infected cells, resulting in a persistent active infection. This process might be similar to the massive T-cell proliferation that occurs in response to acute EBV infection during infectious mononucleosis; however, in infectious mononucleosis cell proliferation is down-regulated when virus replication is reduced. The persistent activation of T cells in our patient may have increased the likelihood of development of uncontrolled T-cell lymphoproliferative disease. Since dysregulation of cytokine expression has been reported in both CAEBV and FHL, 24, 25 it may be associated with the persistent activation of T cells, and might not be specific for mutations in perforin.
We have identified the genetic basis for CAEBV in one patient, and postulate how mutations in the perforin protein may have led to his disease. The observation that CTLs and NK cells in other cases of CAEBV have defective cytotoxic activity 13, 14, 56 suggests that other proteins in the perforin or Fas pathways may be responsible for CAEBV in other patients. Thus, the diverse clinical expressions of CAEBV may be due to unique, heritable disorders with the shared inability to contain proliferation of EBV-infected cells.
